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In dealing with bacterial variation, we are confronted with a permanent change in the heritable characters of protoplasm. Such a problem is essentially a genetic one and its solution would seem to be best approached through statistical methods. However, because of the scarcity and relative unpredictability of dissociants as they ordinarily occur, and because of the complexity of the conditions under which they are encountered, statistical studies are difficult to undertake. Yet it is possible that such studies may yield information concerning the mechanics involved in the origin of a dissociant cell. We may discover that variation is wholly an accidental and unpredictable phenomenon; or perhaps that it is governed entirely by envikonmei tal conditions. We may, on the other hand, find that such phenomena follow well established laws which operate independently of external stimuli.
Salmonella aertrycke was selected as a suitable organism for the study of variation since it is a common and well-studied pathogen possessing simple morphological characteristics.
In the course of a study of the above-mentioned organism, a number of variants were encountered which behaved differently from the ordinary bacterial variants. The chief difference was that these variants, upon continued cultivation, always gave rise to two types of colonies in easily-countable proportions. Such variants promised to be useful instruments for the investigation of bacterial variation for they lent themselves admirably to statistical studies. These variants are referred to as unstable variants.
EXPERIMENTAL
A simple method of obtaining a large variety of dissociants is by aging a broth culture of bacteria. Thus, when a broth culture of S. aertrycke which was allowed to age at 370C. for several weeks was streaked on an agar plate, it was found to yield an abundance of colonial variants. Most of these colonial variants when substreaked on agar yielded, as would be expected, colonies, all of which were identical with the parent colony in every observable respect. Occasionally, however, as in the case of the variant colony labelled R3, an entirely different condition was obtained. This variant was characterized by a rough colony which when substreaked gave rise to both rough and smooth colonies on a 24-hour agar plate. The smooth offspring when substreaked yielded all smooth colonies. The rough offspring, however, again gave rise to both rough and smooth colonies on subculture. An attempt was made to obtain the rough form in pure culture by constant selection and subculture of the rough colony. Although this procedure was continued almost daily for about three years, the rough colony always gave rise to both smooth and rough colonies. It was clear that this rough variant was unstable, i.e., on subculture always gave rise to a second variant type as well as to the original colony type.
Evidence was obtained by microscopic study that the instability of this rough variant was due to the presence in the rough colony of two types of cells, a long filamentous form and a few short bacilli. When an individual short rod was fished from the rough colony by means of a micro-pipette and planted on agar, it gave rise to a smooth colony containing only short rods. When an individual long rod was subcultured by micro-isolation, it yielded a rough colony which again showed some short forms among a predominance of long forms.
Thus, the long rods must have produced a certain number of short rods in the course of development of the unstable colony. It and the ratios of the two types of colonies obtained from each estimated. This was done to determine whether the proportions of the two types of colonies were constant and predictable from day to day or whether there was any observable shift in these proportions in the course of time.
A complete list of every percentage determination for each of the organisms would require an excessive amount of space. Instead, the average ratio of counts taken during certain intervals are shown in table 1. The average deviation from the mean is given for each set of counts. The deviations from the mean give some information concerning the daily variations of each culture.
Inspection of table 1 will show that in most instances there was little tendency for the percentage figures either to increase or to decrease. The most significant variations were the daily deviations from the mean average.
It was important to determine whether these deviations were the result of technical errors or whether they were actually true variations in the proportions of the two types of organism present in an unstable colony.
This question can be answered by determining the ratios of the two colony types on a large number of plates streaked from a single colony. The error involved in determining the percentage figure for certain of these variants is much greater than for others. In general the deviation in estimating several plates each streaked from a separate colony approximates that encountered in estimating several plates which have been streaked from a single colony. Hence, it seems possible to conclude that the variations of the percentage of unstable colonies derived from separate unstable colonies falls within the experimental error.
It appeared from the preceding experiments that variations of the percentage figures even over long periods are imperceptible, and that the composition of the colonies is constant within the experimental error. Having established these -facts, it was possible to proceed with other experiments and recognize significant deviations from normal behavior.
In 2. The effect of incubation at lowered temperature. Typical unstable colonies were streaked on ordinary nutrient agar plates and left at room temperature (about 230C.) for 72 hours, at which time the colonies attained about the same size as those incubated Lithium chloride: The same procedure was followed with lithium chloride as with phenol, and this salt even in concentrations resulting in marked inhibition of growth produced no significant effect (see table 4 ).
In addition to the above media unstable organisms were grown on the following media: Agar containing 4 per cent peptone, or twice the usual concentration of peptone, blood agar (these two providing an enriched medium), and finally Endo and eosin methylene-blue plates, in order to determine the effect of sublethal quantities of common dyes. Of the last four media mentioned the only one that exerted any apparent effect was the Endo medium.
4. The effect of pH. Unstable variants were streaked on agar of pH ranging from 5.6 to 9.6. The plates were then incubated for 24 hours at 37TC. after which time typical unstable colonies were fished from them and streaked on fresh agar of the usual pH of 7.6 to determine the percentage of unstable colonies they would yield.
As seen in table 5, unstable colonies grown on agar of varying pH did not differ very strikingly from colonies grown on agar of the usual reaction of pH 7.6 in their ability to yield unstable colonies despite the fact that marked inhibition of growth occurred when the reaction was either 5.6 or 9.6. In all the experiments with changed environment, whenever a changed ratio appeared, the colonies concerned were subcultured several times to determine whether that change was permanent. In no case did a permanent change result, for on subculture in normal environment the usual ratio prevailed. Apparently the environmental influence did not produce any permanent change in the tendency of unstable variants to produce stable colonies.
5. Behavior of unstable variants in broth. Although the chemical and physical changes of the environment as outlined above did not produce marked changes in the percentage of stable and unstable colonies obtainable from unstable colonies, it was found that the simple expedient of growing these variants in broth almost invariably produced a very striking reduction of the percentage of unstable colonies.
Let us consider a specific example. It has been previously stated that an agar growth of the strain R3 yielded 81 per cent unstable colonies when substreaked on agar. A broth culture, on the other hand, gave only about 25 per cent unstable colonies By streaking a broth culture at regular intervals after inoculation with an unstable colony it was found that the most rapid lowering of the percentage occurred during the early part of the growth phase, before the broth had become turbid.
Since the percentage of unstable cells in a colony arising from an unstable cell was a constant transmissible character it was employed in these experiments as a quantitative indicator of The so-called unstable variants described in this paper offer advantages unattainable with ordinary variants in attempting a statistical approach to the phenomenon of bacterial variation. In the first place, the number of variant offspring is considerable and may easily be counted. Secondly, the offspring are abundantly produced on simple media, thus obviating the necessity of modifying the environment, as is common in most studies of variation. These advantages made it desirable to conduct a detailed investigation of the behavior of unstable strains.
Instability characterized a high proportion of the variants encountered in the course of this research-about 14 out of 40 in S. aertrycke alone. This fact indicates that cultural instability must be a common phenomenon. Possibly such variants would be detected much more frequently were it not for the fact that they tend to be replaced by the stable form when not carefully selected. Instability is not limited to any particular type of variant, but may occur in different colonial forms such as mucoid, rough, and flat. Moreover, cultural instability is not limited to the species with which most of this work has been done. Several unstable strains of S. enteritidis and of the Friedlander bacillus have been isolated in connection with this study. Twort's lactose-fermenting variant of Eberthella typhi is of a similar nature. Recently, several unstable cultures of Staphylococcus aureus have been isolated by R. Thompson (personal communication).
There is evidence that each unstable culture is a mixture of two types of bacterial cells, those breeding true, i.e., yielding a pure, stable culture,6 and those constantly giving rise to a mixed culture.
It has been impossible to obtain a pure culture of unstable cells, i.e., a culture of unstable cells free from stable cells either by plating or by single cell isolation. In most cases, the stable variant differs only slightly from the unstable variant, i.e., an unstable mucoid yields a stable mucoid; an unstable rough yields a stable rough. Occasionally, however, the unstable variant has properties which differ markedly from those of its stable offspring. In R3, for example, a very rough, large unstable colony gives rise to a very smooth, small, stable colony. This is an abrupt "saltation" from one colony type to another without the occurrence of intermediates.
In most instances these variants were carried on agar by subculturing unstable colonies. It is likely that such a colony is a mixture of stable and unstable cells, so that on streaking a colony of this sort, one again gets two types of colonies. The observation that the ratio of one type of colony (unstable) to the other type (stable), is constant is especially significant. It implies that the ratio of the different types of cells arising from an unstable cell is constant. Here we have a cell which as it multiplies constantly splits off cells of another type.
These variants were subcultured on agar in the manner stated for various periods of time, during which the percentage ratios were determined on each subculture. There was no detectable tendency to an increase or decrease in the ratio even after two or three years, despite constant selection of the unstable type.
Unstable variation therefore appears to be controlled by a definitely fixed, inherent mechanism.
Effect of changed environment
These variants were exposed to various environmental conditions, such as changed pH, inhibiting doses of chemicals, dyes, enriched media, and different temperatures. In most cases, even when the changed environment had a marked effect upon the size and appearance of the growth, it was found that the percentages of stable and unstable cells were only slightly changed. Whenever such a change did occur it was only temporary, for the old, established ratio was immediately regained on subculture to normal environment.
Only in broth did a consistent change in percentages of unstable colonies occur. The altered percentage of unstable colonies obtained from broth cultures was not associated with a permanent change in the ability of the strain to yield unstable colonies, for a broth culture plated on agar gave colonies which on subculturing were quantitatively indistinguishable from the usual agar colonies of that variant. In other words, broth did not effect a permanent change in the genetic properties of the unstable variants, and there is evidence (Deskowitz and Shapiro, 1935 ) that the observed change was due to a more rapid growth of one of the two variants (usually the stable) in broth. This would result in a higher final percentage of the type having the more rapid growth rate.
The final percentage of the two types in any medium is probably a resultant of two factors: first, the actual rate with which stable cells split off from unstable cells-this might well be denoted the genetic ratio; and second, the relative growth rates of the two cell types in any given medium.
The mechanism of unstable variation Studies of genetics have shown that heritable variations may result from sexual recombination, chromosome changes, gene mutations, and life cycle changes. These different possibilities will be briefly considered as they may apply to the phenomenon of bacterial variation.
Sexual phase. If ever there were a possibility of establishing the existence of a sexual phase in bacterial variation, unstable variants should offer it. It could not be argued here that only a few cells dissociate and therefore it is very difficult to encounter sexual forms. In an unstable culture variation is constantly and abundantly occurring. Hence, if a sexual phase preceded the formation of a new cell type, it should be found much more easily than in common dissociation.
However, no satisfactory evidence for the occurrence of a sexual phase was encountered in the strains described. The occurrence of variation does not necessarily imply a sexual phase. Punkari and Henrici (1933) have shown, in the case of yeasts, that ordinary dissociation may occur in the complete absence of the sexual phase.
Gene mutations. Only a few years ago the phenomenon of unstable variation, because of its rapidity, predictability, and reversibility would have been excluded from the realm of true gene mutations. Recently, however, as a result of studies on the effects of radiation, gene mutations were discovered which parallel every feature of unstable variation. Demerec (1932; 1934) , studying the effect of temperature changes or exposure to x-rays discovered certain strains of Drosophila which mutated repeatedly, yielding up to 50 per cent mutations with respect to one particular character. The occurrence of these mutations was statistically predictable and in many cases reversible. This phenomenon, sometimes known as recurrent or unstable mutation, seems to be an exact counterpart of unstable bacterial variation. The discovery of unstable genes has enlarged our concept of mutations considerably so that the unstable phenomenon can be easily included in this class.
The possibility of chromosome changes is considered in detail by Lindegren (1935 a and b; 1936) who offers evidence for the existence of chromosome-like bodies in bacteria.
While it is yet impossible to tell which type of variation in higher forms corresponds to unstable variation among bacteria, it seems that this phenomenon most closely parallels gene mutation as we now know it. The relationship between unstable variation and ordinary dissociation The only important difference noted between the two would seem to be the rate at which variants are given off.
It is known that some bacteria have a greater tendency to vary than others. The smooth form of most species varies more readily than does the rough. Even among the unstable organisms the tendency to vary differs greatly. With a variant M (not hitherto discussed), it is 41 per cent, with R3, it is 19 per cent, and with R4, it is less than 2 per cent. Hence, M is more unstable than R3, and R3 is more unstable than R4. The variant R4 with its ratio of 98.2 approaches the limit at which one may readily recognize an unstable organism. It may be that the so-called pure or stable organisms are in reality unstable, but the percentage of variants given off are so few that they escape detection during ordinary cultivation. It seems probable that common bacterial dissociation and unstable variation are expressions of the same phenomenon, but differ only quantitatively. A parallelism between bacterial dissociation and unstable variation exists in the observation that in both cases the variant form appears more abundantly in broth than on agar, and furthermore, appears more rapidly in large volumes of broth than in small volumes.
The experimental work included in this report suggests a tentative hypothesis which may be stated as follows:
Bacterial variation is based upon a fixed genetic mechanism which appears to operate independently of external environment. Each organism has an inherent potentiality for producing a variant form once in a given number of divisions. This may be referred to as the primary or genetic ratio. However, since the final ratio of the variant and the parent type in the culture will also be determined by the relative growth rates of the two types of organisms, it may be readily seen that any environmental change which alters the relative growth rates will affect the ease of detection of the variant form.
Such a concept does not preclude the possibility of occasional mutations resulting from environmental change. Mutations have been produced by x-rays and other environmental stimuli in the case of higher forms. However, in the course of our study of Under fixed environmental conditions, the ratio of the new variant to the parent type always remained constant despite repeated selection of the parent type. Altered environment, in certain instances, produced a temporary change in this ratio, but on reculturing in the original environment the ratio always reverted to its original value. It appeared, therefore, that the potentiality to produce variants is an inherent property of the bacterial protoplasm independent of environment. The possibility that ordinary dissociation and unstable variation differ only quantitatively, is discussed.
